Streptomyces atriruber sp. nov. and Streptomyces silaceus sp. nov., two novel species of equine origin
Two actinomycete strains, NRRL B-24165
T and NRRL B-24166 T , isolated from lesions on equine placentas in Kentucky, USA, were analysed using a polyphasic taxonomic approach. On the basis of phylogenetic analysis of 16S rRNA gene sequences, morphological observations and the presence of LL-diaminopimelic acid as the diagnostic diamino acid in whole-cell hydrolysates, the new isolates clearly belonged to the genus Streptomyces. In the course of studies of nocardioform placentitis in thoroughbred mares in Kentucky, USA, a distinctive type of placentitis has been noticed. Lesions, from which Grampositive branching micro-organisms can be cultured, occur on the chorionic surface of the placenta (Donahue & Williams, 2000; Giles et al., 1993; Hong et al., 1993) and several actinomycetes were isolated from such lesions. These isolates were not identified as Crossiella equi (Donahue et al., 2002) or various Amycolatopsis species (Labeda et al., 2003) , micro-organisms that are usually implicated in placentitis. The sequences of the 16S rRNA genes of the new isolates, NRRL B-24165 T (5LDDC 6330-99 T ) and NRRL B-24166 T (5LDDC 6638-99 T ) were determined and found to be related to species of the genus Streptomyces based on BLAST searches (Altschul et al., 1997) against public sequence databases. A study using a polyphasic approach was conducted to clarify the taxonomic position of the novel isolates.
The novel strains were routinely cultivated on yeast extractmalt extract agar (Shirling & Gottlieb, 1966) at 28 u C. Morphological observations were made using the media of Shirling & Gottlieb (1966) . Scanning electron microscopy was performed using a JEOL model JSM-4200 microscope on osmium tetroxide-fixed, dehydrated, critical pointdried and sputter-coated colonial growth. The gross morphological properties of strains NRRL B-24165 T and NRRL B-24166 T on the media studied were quite different and are summarized in Table 1 . Both strains produced smooth-surfaced, almost cylindrical spores in straight to flexuous chains, as can be seen in the scanning electron micrographs (Fig. 1) .
The isomer of diaminopimelic acid present was determined using TLC of cell hydrolysates according to the method of Hasegawa et al. (1983) . Both strains were found to contain the LL-isomer, which is typical of members of the genus Streptomyces.
Genomic DNA for sequencing of the 16S rRNA genes was isolated from growth on DSMZ Medium No. 554 (DSMZ, 2001) plates using UltraClean microbial DNA isolation kits (Mo Bio Laboratories). The DNA was amplified, and sequenced following previously described procedures (Labeda & Kroppenstedt, 2000) . The identification of phylogenetic neighbours was initially carried out by the BLAST (Altschul et al., 1997) and FASTA (Pearson & Lipman, 1988) programs against the GenBank sequence database as well as the EzTaxon database of type strains of recognized prokaryotic names (Chun et al., 2007) and similar results were obtained. The 20 sequences with the highest scores in EzTaxon were then selected for the calculation of pairwise sequence similarity using the global alignment algorithm, which was implemented at the EzTaxon server (http:// www.EzTaxon.org/; Chun et al., 2007) . The sequences were aligned against sequences for taxa in the family Streptomycetaceae selected on the basis of the aforementioned search within ARB (Ludwig et al., 2004) and data were exported for use in MEGA version 4 (Tamura et al., 2007) . Phylogenetic trees were constructed using the Kimura two-parameter distance calculation (Kimura, 1980) and the neighbour-joining method of Saitou & Nei (1987) . The minimum evolution (Rzhetsky & Nei, 1992) and maximum-parsimony (Eck & Dayhoff, 1966; Fitch, 1971; Kumar et al., 1993; Nei & Kumar, 2000) methods in MEGA were also used to determine whether alternate phylogenetic algorithms supported the neighbour-joining phylogenetic tree.
The closest taxon to strain NRRL B-24165 T in the EzTaxon similarity searches was found to be Streptomyces avermitilis NCIMB 12804 T (GenBank accession no. AF145223), whose sequence was 98.58 % similar but differed in 21 nucleotide positions. The relationship of strain NRRL B-24165 T to the phylogenetically nearest taxa and, in particular, S. avermitilis NCIMB 12804 T , can be seen in the phylogenetic tree shown in Fig. 2a . Note that this phylogenetic relationship was supported by all of the computational methods used.
The closest taxa to strain NRRL B-24166 T in the EzTaxon similarity searches were found to be Streptomyces aureoverticillatus NRRL B-3326 T (AY999774) and Streptomyces gougerotii DSM 40324 T (Z76687), whose sequences were 98.85 % similar but differed in 17 nucleotide positions. The relationship of strain NRRL B-24166 T to the phylogenetically nearest taxa and, in particular, S. aureoverticillatus NRRL B-3326 T and S. gougerotii DSM 40324 T , can be seen in the phylogenetic tree shown in Fig. 2b .
Physiological tests, including production of acid from carbohydrates, utilization of organic acids and hydrolysis 
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and decomposition of adenine, guanine, hypoxanthine, tyrosine, xanthine, casein, aesculin, urea and hippurate, were evaluated using the media of Gordon et al. (1974) . Phosphatase activity was evaluated by using the method of Kurup & Schmitt (1973) . The temperature range for growth was determined on slants of DSMZ Medium No. 554.
Strain NRRL B-24165 T could be easily differentiated from S. avermitilis, its nearest phylogenetic neighbour, based on sporophore morphology, gross morphological characteristics and a number of physiological characteristics as can be seen in Table 1 . Similarly, strain NRRL B-24166 T could also be distinguished from the nearest phylogenetically related species, S. aureoverticillatus, based on sporophore morphology, gross morphological characteristics and a number of physiological characteristics. The morphological characteristics of strains NRRL B-24165 T and NRRL B-24166 T when grown on ISP 2, ISP 3, ISP 4 and ISP 5 media were compared with those of their nearest phylogenetic neighbours (see Supplementary Table S1 in IJSEM Online). It is not surprising that both of these strains grew quite well at 37 u C, reflecting the environment, equine placentas, from which they were originally isolated.
Although both novel isolates showed relatively high (i.e. .98 %) 16S rRNA gene sequence similarity with other recognized species of the genus Streptomyces, we feel that the proposal of Stackebrandt & Ebers (2006) , suggesting DNA-DNA relatedness determinations are not necessary unless the 16S rRNA sequence similarity is greater than 98.7-99 %, should serve as the guideline for members of this genus, given the high 16S rRNA gene sequence similarity shared among most species. Both novel strains could be clearly differentiated from other recognized species and two additional isolates, NRRL B-24676 (5LDDC 60788-07) and NRRL B-24679 (5LDDC 3278-08), were obtained from equine placentas during the 2007 and 2008 foaling seasons, respectively. The almost complete 16S rRNA gene sequences were determined for these strains (FJ169329 and FJ169330, respectively) and were found to have identical (99.9-100 %) 16S rRNA gene sequences as well as a similar gross morphology to strain NRRL B-24165 T , which was originally isolated in 1999. To confirm that the two recent isolates were identical to strain NRRL B-24165 T , the three strains were grown for 7 days on yeast extract-malt extract agar and colonies were analysed by matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS) of intact cells using an Omniflex MALDI-TOF mass spectrometer (Bruker Daltonic) run in reflectron mode as described previously (Tamura et al., 2008) . The spectra of the three strains were found to be identical (see Supplementary Fig.  S1 in IJSEM Online), confirming that the two additional strains belonged to the same species as strain NRRL B-24165
The phylogenetic, morphological and physiological data are sufficient to differentiate strains NRRL B-24165 T and NRRL B-24166 T from all recognized species within the genus Streptomyces and we propose the names Streptomyces atriruber sp. nov. for strain NRRL B-24165 T and Streptomyces silaceus sp. nov. for strain NRRL B-24166 T , respectively. The detailed morphological and physiological characteristics of the novel species are provided below.
Description of Streptomyces atriruber sp. nov.
Streptomyces atriruber (a.tri.ru9ber. L. adj. ater -tra -trum black, dark; L. adj. ruber -bra -brum red; N.L. masc. adj. atriruber blackish-red, referring to the colour of the substrate mycelium and soluble pigments).
Substrate mycelium is very dark red in colour. Aerial mycelium is white to pinkish white and the spore mass, where produced, is light grey. Dark red to reddish purple soluble pigments are produced on most media. Spores are borne on flexuous aerial hyphae (Rectiflexibiles) and are ovoid to cylindrical (0.6-0.760.6-1.1 mm) and have a smooth surface. Melanin pigments are not produced. Adenine, casein, aesculin, gelatin, hypoxanthine, starch, tyrosine, urea and xanthine are hydrolysed, but allantoin is not. Nitrate reductase is produced; phosphatase is not produced. Acid is produced on adonitol, L-arabinose, cellobiose, dextrin, D-fructose, galactose, glucose, glycerol, D-mannose, melibiose, raffinose, L-rhamnose, salicin and trehalose, but not on dulcitol, erythritol, inositol, D-lactose, (Tamura et al., 2007) from almost complete 16S rRNA gene sequences using Kimura's evolutionary distance method (Kimura, 1980) and the neighbour-joining method of Saitou & Nei (1987) illustrating the taxonomic position of (a) strain NRRL B-24165 T and (b) strain NRRL B-24166 T relative to species found to be most similar from BLAST searches (Altschul et al., 1997) . Percentages at the nodes represent levels of bootstrap support from 100 resampled datasets; values ,50 % are not shown. Asterisks indicate that the corresponding branches were also recovered in the minimum-evolution (Rzhetsky & Nei, 1992) and maximum-parsimony (Eck & Dayhoff, 1966; Fitch, 1971; Kumar et al., 1993; Nei & Kumar, 2000) trees. Bars, 0.001 nucleotide substitutions per site.
mucate or L-tartrate. Grows on L-asparagine, L-arginine, potassium nitrate and L-threonine as sole nitrogen sources, weak growth on L-cysteine, L-histidine, L-serine and L-valine, and no growth on L-methionine or L-phenylalanine as sole carbon sources. Growth occurs in the presence of 9 % (w/v) NaCl. The temperature range for growth is 15-37 u C.
The type strain, NRRL B-24166 T (5DSM 41861 T 5LDDC 6638-99 T ), was isolated from an equine placenta.
